Increased myeloperoxidase (MPO) levels and activity are associated with increased cardiovascular risk among individuals with chronic kidney disease (CKD). However, a lack of good animal models for examining the presence and catalytic activity of MPO in vascular lesions has impeded mechanistic studies into CKD-associated cardiovascular diseases. Here, we show for the first time that exaggerated atherosclerosis in a pathophysiologically relevant CKD mouse model is associated with increased macrophage-derived MPO activity. Male 7-week-old LDL receptor-deficient mice underwent sham (control mice) or 5/6 nephrectomy and were fed either a low-fat or high-fat, highcholesterol diet for 24 weeks, and the extents of atherosclerosis and vascular reactivity were assessed. MPO expression and oxidation products-protein-bound oxidized tyrosine moieties 3-chlorotyrosine, 3-nitrotyrosine, and o,o-dityrosine-were examined with immunoassays and confirmed with mass spectrometry (MS). As anticipated, the CKD mice had significantly higher plasma creatinine, urea nitrogen, and intact parathyroid hormone along with lower hematocrit and body weight. On both the diet regimens, CKD mice did not have hypertension but had lower cholesterol and triglyceride levels than the control mice. Despite the lower cholesterol levels, CKD mice had increased aortic plaque areas, fibrosis, and luminal narrowing. They also exhibited increased MPO expression and activity (i.e. increased oxidized tyrosines) that co-localized with infiltrating lesional macrophages and diminished vascular reactivity. In summary, unlike non-CKD mouse models of atherosclerosis, CKD mice exhibit increased MPO expression and catalytic activity in atherosclerotic lesions, which co-localize with lesional macrophages. These results implicate macrophage-derived MPO in CKD-accelerated atherosclerosis.
rosine (27) . Because these modifications are stable covalent interactions, protein tyrosine modifications serve as a metric of oxidative injury. MPO catalyzes the conversion of chloride ions in the presence of hydrogen peroxide to generate hypochlorous acid, a potent oxidant. Hypochlorous acid causes the posttranslational modification 3-chlorotyrosine, a highly sensitive and specific marker of MPO activity (28) . Similarly, MPO can generate nitrogen dioxide radical (NO 2 ⅐ ) to form 3-nitrotyrosine and produce tyrosyl radicals from free tyrosine that can subsequently oxidize protein tyrosyl residues to form o,oЈ-dityrosine (29 -31) . By consuming nitric oxide, MPO action can also reduce vasodilator bioavailability, leading to vascular dysfunction (32) .
The presence and activity of MPO in human atherosclerosis are well-established. MPO co-localizes with macrophages in human atherosclerotic lesions (33) , and MPO oxidation products are present in human atherosclerotic lesions demonstrated by immunohistochemistry and quantification using MS (28, (33) (34) (35) (36) . More importantly, elevated plasma MPO levels predict the risk of cardiovascular events and mortality in patients with unstable angina, chest pain (37) , acute coronary syndrome, or peripheral arterial disease (37) (38) (39) (40) . Systemic levels of 3-nitrotyrosine have also been found to be higher among patients with CVD compared with those with healthy arteries (41) (42) (43) . We have recently demonstrated that plasma MPO levels and MPO oxidation products are elevated in autoimmune diseases such as rheumatoid arthritis and systemic lupus erythematous, both of which carry an increased risk of CVD (44, 45) .
Although the role of MPO-related oxidative processes is well-characterized in atherosclerosis, the specific role of MPO in CKD-accelerated atherosclerosis remains unclear. In general, studies in human patients with CKD have suggested that MPO plays an important role. For example, MPO-derived protein carbamylation is associated with CVD in the CKD population (46 -49) . Plasma MPO levels increase with each stage of CKD and are linked to CVD mortality in patients with endstage renal disease (ESRD) who are undergoing peritoneal dialysis (50 -53) . In a recent study, our group reported that both MPO and 3-chlorotyrosine levels rise in the presence of coronary artery disease at various stages of CKD (54) . It is important to note, however, that most of these studies are associative; hence, causality remains unclear.
Lack of good animal models to study the role of MPO in CKD-associated atherosclerosis makes the determination of causality a challenge. Despite strong evidence of MPO activity in human atherosclerotic lesions (28, 38, 55) , mouse models of non-CKD atherosclerosis have undetectable MPO oxidation products in mouse atheroma (56) . Paradoxically, MPO-deficient mice exhibit exaggerated atherosclerosis, although a study of mice overexpressing the human MPO transgene in macrophages showed increased atherosclerosis (57) . This lack of MPO activity in mouse atheroma of non-CKD mice further highlights the need for an appropriate CKD-atherosclerosis model that demonstrates MPO activity in atheromatous lesions and lends itself to the systematic study of MPO action in CKD. In this study, using a pathophysiologically relevant 5/6 nephrectomy model of CKD in the LDL receptor knockout (LDLr Ϫ/Ϫ ) mouse, we tested the presence of MPO and its activ-ity in aortic tissue. This model has been extensively studied and reported by our group and others as a model that exhibits accelerated atherosclerosis with CKD (58 -61) . These CKD mice exhibit all the biochemical features of CKD and demonstrate accelerated atherosclerosis without elevated blood pressure, diabetes, or worsened hyperlipidemia compared with non-CKD mice. Thus, the CKD LDLr Ϫ/Ϫ model is an excellent animal model for studying the effects of CKD on atherosclerosis without the concomitant added risk factors. In contrast to non-CKD models, we report robust MPO expression and catalytic activity as demonstrated by elevated MPO oxidation products that co-localize with macrophages in atherosclerotic lesions. This implicates macrophage-derived MPO as a source of oxidants in the artery wall, which might propagate CKD-accelerated atherosclerosis.
Results

CKD LDLr ؊/؊ mice exhibit biochemical features of moderate CKD
C57BL/6 LDLr Ϫ/Ϫ mice were subjected either to sham operation (CTL, n ϭ 20) or to 5/6 nephrectomy (CKD, n ϭ 21). At 9 weeks of age, the mice in each group were further randomly divided into two subgroups and fed a low-fat diet (LFD) or high-fat, high-cholesterol diet (HFD). The mice in each group, CTL-LFD, CTL-HFD, CKD-LFD, or CKD-HFD, were maintained on these diets for either 12 or 24 weeks.
As shown in Table 1 , serum blood urea nitrogen (BUN) and creatinine from CKD-LFD and CKD-HFD mice were elevated compared with their CTL counterparts, confirming the renal insufficiency of CKD mice. Serum BUN was 1.5 times and serum creatinine was ϳ3 times higher in the CKD mice compared with their CTL counterparts indicating moderate CKD. There was a consistent decrease in renal function over time in all four groups. Hematocrit in CKD mice on either diet was decreased at 12 weeks (p Ͻ 0.05) and decreased further at 24 weeks (p Ͻ 0.05). Despite the increased intact parathyroid hormone (iPTH), there was no change in the serum calcium or phosphorous levels. Unlike human CKD, the CKD mice tended to have lower blood pressure compared with controls over time, although this trend did not reach statistical significance. There were no differences in the hemoglobin A1c levels among all four groups.
Mice from all four groups gained significant body weight over time (p Ͻ 0.001). Compared with the CTL mice, the CKD mice gained less weight at 12 weeks, and this difference persisted at 24 weeks. Although there was no significant difference at 12 weeks, the 24-week HFD-fed mice in the CKD groups gained much more than their LFD mice (p Ͻ 0.01).
Effects of CKD and HFD on plasma lipid levels and lipoprotein profiles
With the exception of triglycerides in CKD-LFD mice, plasma cholesterol and triglyceride concentrations were increased at 24 weeks in all diet categories, especially with HFD (p Ͻ 0.0001; Table 1 ). CKD mice fed HFD had decreased levels of cholesterol and triglycerides when compared with CTL mice fed HFD at 24 weeks (p Ͻ 0.05). As expected, the HFD mice in Myeloperoxidase oxidizes artery proteins in kidney disease each renal function category had higher cholesterol and triglycerides compared with LFD mice with similar renal function.
Lipid distribution among the various lipoprotein fractions was analyzed by FPLC in pooled plasma samples from each group at 24 weeks. As shown in Fig. 1A , mice on LFD had lower cholesterol in the very-low-density (VLDL) and LDL fractions than mice on the HFD. The CKD mice had considerably lower VLDL and LDL cholesterol, and unchanged high-density lipoprotein (HDL) cholesterol compared with the CTL mice. Similarly, as shown in Fig. 1B , CKD mice, compared with CTL mice in the same diet category, had lower triglyceride content in the VLDL and LDL fractions. Mice on HFD had higher triglyceride content in the VLDL and LDL fractions compared with mice on LFD. Therefore, overall CKD mice had a more favorable atherogenic lipid profile compared with CTL mice.
Effects of CKD and HFD on aortic atherosclerotic lesions
The en face analysis of aortic tree lesion area and cross-sectional analysis at the root of the aorta were performed to assess atherosclerosis. As shown in Fig. 2 , Oil Red staining of the aortic tree and subsequent comparative morphometry revealed that all groups demonstrated increasing atherosclerotic lesions with age. At 12 weeks, HFD diet accelerated atherosclerosis in both CTL and CKD mice. At 24 weeks, CKD HFD mice had greater atherosclerosis than CKD-LFD and CTL-HFD (p value Ͻ0.05) mice. The CKD-HFD mice had more advanced atherosclerotic lesions in the aortic root ( Fig. 3 ), aortic arch, brachiocephalic arteries, thoracic aorta, and abdominal bifurcations as shown in cross-sections of aortic root stained with hematoxylin and eosin (H&E) (Fig. 3, A and B) and Masson Trichrome (Fig. 3 , C and D). Specifically, at 24 weeks the CKD-HFD mice (Fig. 3, B and D) had significantly elevated aortic plaque area fraction, luminal narrowing, and cellular filtration with significant fibrosis when compared with CTL-HFD mice (Fig. 3 , A and C).
Effects of CKD and HFD on the vasodilatory response
Given the intimate link between atherosclerosis and vascular function, we assessed the cholinergic responsiveness of mouse aortic rings from the four mouse groups. CKD-HFD mice differed significantly in response to acetylcholine from that observed in rings from mice of the other three groups. The rings of CKD-HFD mice initially relaxed with acetylcholine. However, they then re-contracted moderately and maintained a similar tension at higher concentrations of acetylcholine. This phenomenon is illustrated by the data points (3 ϫ 10 Ϫ7 M and 10 Ϫ6 M acetylcholine) that lie above the interpolated relaxation curve for the CKD-HFD mice (Fig. 4) . The maximum vasodila- Table 1 Biological characteristics of the four groups of mice Male mice (n ϭ 6 -12/group) were utilized for this study; CTL, control LDLr Ϫ/Ϫ mice; CKD, 5/6 nephrectomized LDLr Ϫ/Ϫ mice; LFD, low-fat diet; HFD, high-fat, high-cholesterol diet; BUN, blood urea nitrogen; iPTH, intact parathyroid hormone. 
Biological parameters(units) Weeks CTL-LFD CKD-LFD CTL-HFD CKD-HFD
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tory response (E max ) for the aortic rings of CKD-HFD mice was significantly different compared with those observed for the other three groups (p Ͻ 0.01 versus CKD-LFD/CTL-HFD; p Ͻ 0.0001 versus CTL-LFD). There were no differences in the E max to acetylcholine exhibited between rings from the CTL-LFD, CKD-LFD, or CTL-HFD mice (5.80 Ϯ 3.30, 13.39 Ϯ 2.94, and 13.01 Ϯ 2.30%, respectively; Fig. 4 ). There was no difference in relaxation in response to sodium nitroprusside in any of the groups (data not shown).
Immunochemical staining of MPO and MS assessment of MPO oxidation products in atherosclerotic lesions
MPO can oxidize tyrosine moieties in proteins to generate oxidized tyrosines. Although 3-chlorotyrosine is a specific marker for MPO, MPO can also form 3-nitrotyrosine and o,oЈdityrosine. We examined MPO expression and the presence of oxidized tyrosines with immunohistochemistry. Fig. 5 shows representative immunostaining of atherosclerotic lesions in aortic cross-sections from LDLr Ϫ/Ϫ mice at 24 weeks. MPO expression was observed in atherosclerotic lesions in CKD-HFD mice ( Fig. 5B ) when compared with CTL-HFD mice ( Fig.  5A ). Similarly, immunohistochemical staining for macrophage marker F4/80 protein and MPO-derived tyrosine modifications using specific antibodies for 3-chlorotyrosine, 3-nitrotyrosine, and o,oЈ-dityrosine demonstrated robust staining in the CKD-HFD mice at 24 weeks compared with the CTL HFD (data not shown).
To confirm the activity of MPO in these lesions, we utilized stable isotope-dilution mass spectrometry (MS), a highly sensitive and specific method to quantify the levels of protein tyrosine oxidative modifications: 3-chlorotyrosine, 3-nitrotyrosine, and o,oЈ-dityrosine in the aortic lesions. In contrast to immunoassays, which are qualitative, MS provides accurate quantitative data that are essential to ascribe enzyme activity. All results were normalized for the precursor amino acid tyrosine. As shown in Fig. 5C , at 24 weeks the average 3-chlorotyrosine levels (the specific MPO product) were markedly increased (156.3 Ϯ 28.1 versus 102.5 Ϯ 19.6 mol/mol tyrosine; p Ͻ 0.05) in CKD versus CTL mice fed HFD in the aortic tissue. Similarly, CKD LFD mice showed increased lesional 3-chlorotyrosine compared with CTL-LFD mice (94.1 Ϯ 50.9 versus 2.6 Ϯ 1.7 mol/mol tyrosine; p Ͻ 0.0001). Hence, CKD status, independent of the type of diet, augmented the presence of the MPO product 3-chlorotyrosine in atherosclerotic lesions.
The average 3-nitrotyrosine levels approximately doubled (2757 Ϯ 376.1 versus 1365 Ϯ 693.8 mol/mol tyrosine, p Ͻ 0.01) in CKD compared with control aortic tissue. 3-Nitrotyrosine was higher in CKD-LFD compared with CTL-LFD (1204 Ϯ 1133 versus 137.3 Ϯ 65.3 mol/mol tyrosine; p Ͻ 0.05, Fig. 5D ).
The o,oЈ-dityrosine levels were 1.36-fold higher in CKD-LFD compared with CTL-LFD mice (95.67 Ϯ 11.7 versus 70.2 Ϯ 15.5 mol/mol tyrosine; p Ͻ 0.05), whereas the levels were unchanged between CKD-HFD mice and CTL-HFD mice (148.4 Ϯ 39.9 versus 151.6 Ϯ 16.8 mol/mol tyrosine; p ϭ 0.70). o,oЈ-Dityrosine in lesions of CKD-HFD were increased compared with the CKD-LFD mice (n ϭ 8, p Ͻ 0.01, Fig. 5E ). These data suggest that tyrosine oxidation products are increased in aortic tissues of CKD mice and accentuated with HFD.
In addition to their increased presence, these oxidation products correlate with each other. Importantly, 3-chlorotyrosine, a A and F, control (CTL) mice on low-fat diet (LFD) for 12 and 24 weeks. B and G, 5/6 nephrectomized CKD mice on LFD for 12 and 24 weeks. C and H, CTL mice on HFD for 12 and 24 weeks. D and I, CKD mice on HFD for 12 and 24 weeks. E and J, analysis of total atherosclerotic lesion area ratio between the four groups at 12 and 24 weeks reveals increases in lesional ratio (ratio of Oil Red O-stained area to the total surface area of en face section of the aortic tree expressed as a percentage) in the CKD and HFD groups. The CKD HFD group has the most extensive lesional area among the four groups that is significantly higher when compared with CTL HFD group. (*, p Ͻ 0.05; number of mice is shown in parentheses.)
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specific product of MPO, correlated strikingly with 3-nitrotyrosine (r ϭ 0.93; p value Ͻ0.0001) suggesting that MPO is the source of both of these products. The other correlations were less striking (3-chlorotyrosine versus o,oЈ-dityrosine, r ϭ 0.70; p value Ͻ 0.01; o,oЈ-dityrosine versus 3-nitrotyrosine, r ϭ 0.70; p value Ͻ 0.005) suggesting that in addition to MPO other pathways might contribute to their formation ( Fig. 5, F-H) .
MPO expression and its tyrosine oxidation products in atherosclerotic lesions in CKD-HFD mice
Using a double-labeling immunofluorescence technique, we found that Mac-2 (a macrophage marker), MPO, o,oЈ-dityrosine, 3-nitrotyrosine, and 3-chlorotyrosine co-localized intensely in atherosclerotic plaques in the CKD-HFD mice. The labeling was concentrated at the luminal surface of the plaque areas ( Fig. 6, I-L) .
To ascertain the specificity and cross-reactivity of these antibodies, we generated oxidized bovine serum albumin (BSA) in vitro with conditions favoring chlorination (MPO-peroxidechloride with a resultant increase in 3-chlorotyrosine), nitration (MPO-nitrite-peroxide system with an increase in 3-nitrotyrosine), and hydroxyl radical formation (copper-peroxide;
with o,oЈ-dityrosine, ortho-tyrosine (o-tyrosine), and meta-tyrosine (m-tyrosine) generation) as described previously and elaborated in the supporting Methods (55, (62) (63) (64) . The formation of the anticipated oxidized amino acids following the reactions was confirmed by MS. We then pooled the reaction mixtures to form a mixture of BSA containing all oxidized tyrosine modifications (o,oЈ-dityrosine, o-tyrosine, m-tyrosine, 3-nitrotyrosine, and 3-chlorotyrosine). We subsequently subjected the mixture to immunoprecipitation with the anti-3-chlorotyrosine, anti-3-nitrotyrosine, and anti-o,oЈ-dityrosine antibodies. The pre-and post-immunoprecipitation mixtures were tested for enrichment of modified tyrosines by MS following acid hydrolysis. Immunoprecipitation with anti-3-nitrotyrosine antibody showed ϳ3-fold enrichment of 3-nitrotyrosine but not of the other tyrosine moieties. Immunoprecipitation with anti-o,oЈ-dityrosine antibody resulted in ϳ18-fold enrichment of o,oЈ-dityrosine compared with pre-immunoprecipitation levels but not of the other modified tyrosines, confirming the specificity of these two antibodies (Table S1 ). In contrast, anti-3-chlorotyrosine antibody (utilizing the only commercially available antibody) did not result in enrichment of 3-chlorotyrosine (nor any other oxidized amino acid; Table S1 ). This 
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could be potentially because (a) the anti-3-chlorotyrosine antibody is not specific, (b) is not sensitive as 3-chlorotyrosine generation was lower than the other modifications, or (c) the antibody is more conducive to immunochemistry studies but may not work well in the immunoprecipitation reactions.
These results suggest that MPO derived from lesional macrophages co-localizes with 3-nitrotyrosine and o,oЈ-dityrosine residues in atherosclerotic plaques of CKD-HFD mice. However, given the nonspecificity of the 3-chlorotyrosine antibody, we cannot ascertain the same for 3-chlorotyrosine, the specific marker for MPO. Taken in conjunction with the quantitative MS data, which show a strong correlation of 3-chlorotyrosine with other oxidative tyrosine moieties, the data are highly suggestive that MPO is derived from lesional macrophages as the source of all three oxidatively modified tyrosines in atherosclerotic lesions.
Discussion
MPO-mediated oxidative stress is associated with elevated CVD risk in CKD patients (65, 66) ; however, testing whether MPO is pathogenically important in atherosclerosis in CKD patients is difficult given a lack of strong animal models of atherosclerosis that also demonstrate significant MPO activity in atherosclerotic lesions. Our CKD atherosclerosis mouse model is unique and is the first to demonstrate increased MPO expression and activity in atherosclerotic lesions. The atherosclerotic lesions in this model clearly exhibit elevated 3-chlorotyrosine, a specific marker for MPO activity, in addition to 3-nitrotyrosine and o,oЈ-dityrosine (two modified tyrosines that can be derived from MPO or alternative sources). Importantly, the oxidative tyrosine modifications show a high degree of correlation among each other, supporting the notion that MPO mediates all three oxidative modifications in this model. Furthermore, these oxidative MPO products co-localize with macrophages in the lesions, confirming the presence of catalytically active macrophage-derived MPO in the lesions in this model.
The mouse model of atherosclerosis and CKD bears some similarities to human CKD and atherosclerosis, including elevated LDL cholesterol and biochemical features of moderate CKD (e.g. tripling of serum creatinine, mild anemia, and elevated iPTH levels with normal calcium and phosphorous levels consistent with mild secondary hyperparathyroidism). These mice do not develop diabetes and hypertension even when exposed to HFD, making this an ideal model for the study of cardiovascular complications of moderate CKD alone. The 
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CKD mice also exhibit a more favorable lipid profile compared with the CTL mice when exposed to an HFD; however, they develop enhanced atherosclerosis, suggesting that CKD significantly accelerates atherosclerosis in this model beyond the influence of hyperlipidemia. To our knowledge, this is the first mouse model that demonstrates increased lesional MPO expression and catalytic activity likely derived from macrophages.
Macrophages are closely associated with atherogenesis and represent a major source of oxidative stress in CKD (51, 67) . However, the role of macrophage-derived MPO in CKD-associated atherosclerosis is yet to be explored using mechanistic models, as non-CKD animal models of atherosclerosis that demonstrate clear MPO involvement are not established. LDLr Ϫ/Ϫ mice of C57BL/6 background, similar to our model on HFD, did not demonstrate remarkable MPO presence or activity in atherosclerotic lesions. This finding is dissimilar from human lesions, which have increased 3-chlorotyrosine, a specific product of MPO activity (56) . This calls into question the appropriateness of mouse models for studying MPO-related atherosclerosis, as there appear to be notable differences between murine and human atherosclerosis. Moreover, MPOdeficient mice with both macrophage-specific and whole-body knockouts paradoxically demonstrated a 50% increase in atherosclerosis after 14 weeks of HFD, suggesting that alternative pathways are involved in the process. This inability to replicate the MPO activity evident in human atherosclerosis in mouse models has deterred further mechanistic studies. Thus, our CKD animal model that demonstrates robust MPO involvement in vascular lesions after 24 weeks of HFD is invaluable in developing a better understanding of atherosclerosis in CKD.
MPO expression is restricted to hematopoietic cells and is controlled by promoter, enhancer, and repressor elements in addition to transcription and growth factors that influence these elements (68) . Ϫ463G/A polymorphism at one of the upstream Alu MPO promoter elements has been linked to increased incidence of coronary artery disease in the general population (69, 70) and CVD incidence in CKD (71) and ESRD patients (72) . This primate-specific promoter is competitively inhibited by estrogen (68) and contains binding site for nuclear transcription factors, which promote MPO expression, namely SP1-thyroid hormone-retinoic acid-response element (73) , peroxisome proliferator-activated receptor ␣ and ␥, retinoid X receptors (74) , statins (75) , and the liver X receptor (76) . This promotor is absent in mice, a finding that may partially explain the marked absence of MPO or MPO activity in the mouse model and the failure of MPO-deficient mice to ameliorate atherosclerosis. Repopulating the bone marrow of LDLr Ϫ/Ϫ mice with bone marrow from transgenic mice expressing human myeloperoxidase resulted in increased atherosclerosis (57) . Another study, utilizing the overexpression of different human MPO allele polymorphisms in the promoter region, likewise demonstrated increased aortic lesions in male mice only, thus highlighting the role of estrogen in ameliorating MPO expression (77) . Yet MPO polymorphism and its effect on MPO expression are much more complicated (78) ; although some studies implicate the GG phenotype with an increased risk of CVD (72, 78) , other studies have not clearly replicated this finding (79, 80) . Our model of CKD atherosclerosis is the first of its kind to demonstrate marked up-regulation of mouse MPO and its specific oxidation products in response to reduced renal function and HFD in murine atherosclerosis. Similar to our work, apolipoprotein E-deficient (apoE Ϫ/Ϫ ) mice with chronic renal failure demonstrate enhanced atherosclerosis with increased macrophage infiltration and 3-nitrotyrosine expression in their atherosclerotic lesions, suggesting a similar process is plausible (81) . However, this study did not specifically investigate whether MPO or MPO-specific oxidation products are elevated. It is unclear how reduced renal function influenced MPO expression in these mice who have such low baseline MPO expression with functioning kidneys. One possible reason is the prolonged exposure to HFD for 24 weeks in our model, in addition to other factors altered by decreased renal function. Our demonstration using the quantitative measurement of MPO oxidation products co-localizing with macrophage markers suggests that macrophage-derived MPO may propagate enhanced atherosclerosis in this model. The correlation between these oxidized moieties strongly implicates MPO as the source of all of these modifications.
MPO scavenges the reactive nitrogen species generated in the vascular wall to modulate vascular reactivity by consuming vasodilator nitric oxide. Nitric oxide can also combine with NADPH oxidase-generated superoxide (O 2 . ) to produce the reactive nitrogen species peroxynitrite (ONOO Ϫ ), which has a very short half-life and causes nitration of proteins. In addition to decreased availability, nitric oxide production by itself could be the issue in this model as suggested by our earlier work demonstrating high levels of circulating methylated arginines that inhibit NO synthase (58) . Thus, extensive atherosclerotic burden, modulation from the reactive nitrogen species, elevated methylated arginines, and nitric oxide consumption contribute to endothelial dysfunction that is associated with an increased risk of atherosclerosis disease in CKD (82) . We report that this dysfunction is manifested as decreased vasodilation in response 
to cholinergic stimulation in CKD-HFD mice only. This is an interesting observation, as it clearly demonstrates the important interaction between diet and renal function necessary to induce endothelial dysfunction. Prior reports of endothelial dysfunction are limited to the double knockout of LDLr Ϫ/Ϫ with apoE Ϫ/Ϫ mice (83, 84) . These mice, whether on HFD or not, fail to exhibit reduced cholinergic vasodilation (85) (86) (87) .
These results are consistent with our findings for CTL-LFD and CTL-HFD mice. Furthermore, although there are reports of 5/6 nephrectomy inducing a reduction in cholinergic responsiveness, such research seems to have been conducted exclusively in rats (88, 89). In these cases, the reduction in response was demonstrated with renal insufficiency but was associated with related hypertension and disruption in the angiotensin-dependent pathway. Clearly, our results show that reduction in cholinergic response is not dependent on kidney function alone but is rather a response to extensive atherosclerosis caused by the combination of decreased renal function and HFD in the absence of hypertension. Thus, our findings indicate that our model provides a foundation from which to explore the interaction of diet and renal function without the confounding influence of hypertension. Our 5/6 nephrectomized LDLr Ϫ/Ϫ model achieved by surgical means, in contrast to uni-nephrectomy and 5/6 nephrectomy achieved via renal ablation, demonstrates sufficient and consistent loss of renal function to mimic moderate CKD as confirmed by creatinine and BUN measurements. As with humans, these CKD mice develop anemia and iPTH elevation, which confirms secondary hyperparathyroidism and effects consistent with an advanced degree of renal function. Although both LDLr Ϫ/Ϫ and apoE Ϫ/Ϫ mice are well established atherosclerotic models, LDLr Ϫ/Ϫ mice exhibit more modestly elevated LDL cholesterol levels compared with apoE Ϫ/Ϫ mice. Our study demonstrates the development of atherosclerosis with HFD exposure in LDLr Ϫ/Ϫ mice at 12 weeks that becomes more pronounced at 24 weeks. This elevated atherosclerotic plaque burden was observed despite reduced plasma cholesterol and triglycerides compared with controls on the same diet. The LDLr Ϫ/Ϫ CKD mice also show lower triglyceride and cholesterol levels in the VLDL and LDL fractions compared with controls irrespective of diet. These findings differ from the prior literature on other uremic atherosclerosis models that use both LDLr Ϫ/Ϫ and apoE Ϫ/Ϫ mice with an exaggerated aortic lesional area independent of hypertension but, unlike our observations, exhibit marked hypercholesterolemia compared with controls on the same diet (60, 90 -94) . In a study by Bro et al. (94) , uremic apoE Ϫ/Ϫ mice that were fed a regular diet for 22 weeks had 50% higher total plasma cholesterol concentrations than normal apoE Ϫ/Ϫ mice. Plasma triglyceride concentrations did not differ between uremic and normal apoE Ϫ/Ϫ mice (81, 94) . This is in contrast to our trend of decreased cholesterol and triglycerides in CKD LDLr Ϫ/Ϫ mice when compared with CTL mice regardless of diet. Despite decreased cholesterol and triglyceride levels in the VLDL and LDL fractions of CKD-HFD mice, these mice exhibited markedly accelerated atherosclerosis compared with CTL mice beginning at 12 weeks. Our CKD model is thus able to produce an increased atherosclerotic bur-den even in the absence of exaggerated hypercholesterolemia, hyperlipidemia, hypertension, and insulin resistance.
In our study, the aortic root and the abdominal aorta and its branches in CKD-HFD mice appear laden with a plaque that is more mature and thick, including stained sections that are more fibrotic and necrotic. Similar to our findings, Massy et al. (96) discovered that the relative proportion of atherosclerotic lesions to lesion-free vascular tissue is increased in the aortic root of uremic apoE Ϫ/Ϫ mice when compared with controls. Our model did not show any changes in serum calcium and phosphate levels but did indicate increased iPTH. Plaque composition in uremic apoE Ϫ/Ϫ mice demonstrates macrophage infiltration, increased cholesterol, collagen, and calcium content than classical atherosclerosis (96) . Although we did not observe more than minimal changes in serum calcium and phosphate, this model and the apoE Ϫ/Ϫ model nonetheless exhibit significantly increased vascular calcification demonstrated in prior work by other groups (59, 60, 96 -99) .
In conclusion, our study demonstrates for the first time that increased MPO levels and activity co-localize with lesional macrophages in the artery wall in a mouse model of CKD atherosclerosis. In addition to decreased cholinergic response in the vessel, our work suggests that MPO expression and activity may play an important role in the propagation of atherosclerotic lesions in CKD mice. However, the key limitation of this work is that the evidence is associative and does not unequivocally demonstrate the causal role of macrophage-derived MPO in CKD-accelerated atherosclerosis. Studies examining the effects of MPO knockdown and overexpression in macrophages in chimeric CKD mice (using MPO knock-out and transgenic animals) are warranted to provide more definitive evidence on the role of macrophage-derived MPO in CKDaccelerated atherosclerosis.
Experimental procedures
Mouse model of CKD accelerated atherosclerosis
All animal procedures were approved by the University of Michigan Committee on the Use and Care of Animals. Sixweek-old male C57BL/6 LDLr Ϫ/Ϫ mice (The Jackson Laboratory, Bar Harbor, ME) were maintained with water ad libitum and on a standard rodent diet (Lab Diet Hudson, NH) containing 28.5% protein, 13.5% fat, 58.0% carbohydrates by calories, and 200 ppm cholesterol. These mice were housed in a climatecontrolled, light-regulated facility with a 12:12 h light/dark cycle. At age 7 weeks, the mice were subjected either to sham operation (CTL, n ϭ 20) or to 5/6 nephrectomy by removing the whole right kidney in a first procedure followed by 2/3 left kidney by renal artery ligation (CKD, n ϭ 21) after a week. At 9 weeks of age, the mice in each group were further randomly divided into two subgroups and fed on LFD containing 19.6% protein, 10.7% fat, and 69.7% carbohydrates by calories or HFD containing 19.5% protein, 40.5% fat, and 40.0% carbohydrates (Harlan Teklad Laboratory, Winfield, IA). The LFD contained 0% cholesterol, and the HFD contained 0.5% cholesterol by weight. The mice in each group, CTL-LFD, CTL-HFD, CKD-LFD, or CKD-HFD, were maintained on these diets for either Myeloperoxidase oxidizes artery proteins in kidney disease 12 or 24 weeks. Evaluation of these mice was done in a blinded manner.
Murine systolic blood pressure was measured by the IITC Life Science blood pressure (tail cuff) system (Woodland Hills, CA) as described previously (100) . Hematocrit was measured by CritSpin Micro-Hematocrit centrifuge with Digital Hematocrit Reader (StatSpin Co.). HgBA1c was measured by the Helena GLYCO-Tek Affinity column method (Beaumont, Texas). Plasma iPTH was measured by ELISA kit bought from ALPICO Diagnostics (Salem, NH).
Lipoprotein analysis
Plasma lipoprotein profiles were generated by FPLC (Bio-Rad) using two Superose 6 PC 3.2/30 columns in series (GE Healthcare) as discussed previously (95) .
Determination of kidney function
Plasma creatinine levels were measured by highly-specific LC electron spray ionization and tandem MS (LC-ESI-MS/MS) as described previously (58) . BUN was measured directly on IDExx Vettest 8008 Chemistry Analyzer (Westbrook, ME) using dry slide technology.
Atherosclerosis assessment
Each mouse was anesthetized and perfused with PBS through the left ventricle followed by 3 ml of 10% buffered formalin for fixing the vascular tree. The aortic tree was removed, microdissected to remove adventitial fat, cut longitudinally, stained with Oil Red O (Sigma) to visualize neutral lipids, and then pinned onto wax plates. The images of the ϳ10-mm ascending and abdominal aorta were captured on a digital camera, and en face plaque quantification of total and lesional surface area was performed with computerized image analysis program (Image Pro software, Media Cybernetics, Bethesda) (56) . The aortic lesion ratio is derived from the ratio of Oil Red O-stained area to the total surface area of en face section of the aortic tree expressed as a percentage. Aortic root cross-sections were cut from paraffin blocks of the aortic root with Leica RM 2155 Microtome and collected on glass slides. Sections were stained with H&E and Masson Trichrome for general tissue morphology and photographed with Olympus BX-51 microscope and DP-70 high resolution digital camera.
Immunohistochemistry
Immunohistochemistry was performed on paraffin sections with anti-mouse MPO antibody (1:500; Abcam, UK) and negative controls.
Immunofluorescence and confocal imaging
Snap-frozen aortic sections were incubated with rabbit antibodies for anti-mouse Mac-2 (macrophage marker; 1:500; Cedarlane, NC), 3-chlorotyrosine (1:1000; Cell Sciences, MA), 3-nitrotyrosine (1:50; Abcam, UK), and o,oЈ-dityrosine (1:200; Cosmo Bio, CA) at 4°C overnight for immunofluorescence experiments. Appropriate negative controls were simultaneously processed to examine for background autofluorescence. Dual immunofluorescence labeling was simultaneously scanned by an Olympus FV500 confocal laser-scanning micro-scope, equipped with complete integrated image analysis software system (Olympus America Inc., Melville, NY).
Oxidized amino acid quantification by MS
Aortic samples were analyzed as outlined previously (27) using known concentrations of isotopically labeled internal standards [ 13 C 6 ]tyrosine, 3-[ 13 C 6 ] nitrotyrosine, o,oЈ-[ 13 C 12 ]dityrosine, or 3-[ 13 C 6 ]chlorotyrosine. Oxidized amino acids were quantified by LC-ESI-MS/MS with multiple reaction monitoring MS/MS-positive ion acquisition mode utilizing an Agilent 6410 triple quadrupole MS system equipped with an Agilent 1200 LC system. Labeled precursor amino acid, [ 13 C 9 , 15 N 1 ]tyrosine, was added to monitor potential internal artifact formation of 3-chlorotyrosine, 3-nitrotyrosine, and o,oЈ-dityrosine and was noted to be negligible.
Vascular reactivity experiments
Mouse aortic rings were mounted in a myograph system (Danish Myo Technology A/S, Aarhus, Denmark), and reactivity was measured as reported previously (100) . Force was expressed as a percent of that achieved with 80% of maximal force with phenylephrine.
Statistical analysis
Results are presented as the mean Ϯ S.D. Differences between the groups at different time periods were considered significant at p Ͻ0.05 using the ANOVA and Tukey-Kramer tests. For vascular reactivity studies, data were plotted using sigmoidal interpolation. Maximal steady-state vasodilation values were obtained using nonlinear regression and comparison between groups achieved by one-way ANOVA with Bonferroni post hoc analysis. All analyses were made using Graph Pad Prism 7.0 (La Jolla, CA).
